2 from atmospheric measurements and transport models. LUE-based estimates of productivity are often used as a constraint in or as an end-product of the inversion process [Randerson et al., 2002; Kaminski et al., 2002; Still et al., 2004; Chevallier et al., 2005, among others] .
Originally, field studies suggested LUE being rather invariable among different, well-watered crops [Monteith, 1977] but later reviews by Prince [1991] , Ruimy et al. [1994] and Medlyn [1998] have demonstrated significant variation among vegetation types at least for LUE derived from NPP (LUE NPP ). Part of this variation may be related to measurement aspects as neither NPP nor APAR are easy to capture precisely, especially across sites and across Plant Functional Types (PFT) [Gower et al., 1999] , but there is little doubt overall that the assumption of a constant LUE NPP does not provide an accurate description of terrestrial ecosystems [Binkley et al., 2004 , Bradford et al., 2005 .
From a physiological perspective some authors have argued that LUE derived from GPP (LUE GPP ) should be less variable than LUE NPP , mainly because differences in carbon allocation and respiration estimates are responsible for some of the variability in LUE NPP and should not affect LUE GPP [Ruimy et al., 1996a, Goetz and Prince, 1999] . The first analyses of LUE GPP led however to a somewhat contradictory picture with the ratio either being more or less constant across ecosystems (ca. 0.02 mol CO 2 /mol APAR, Ruimy et al., [1995] ) or varying widely [Turner et al., 2003 , Turner et al., 2005 . Intuitively a certain fluctuation of LUE GPP would be expected as GPP varies not only with APAR but also with other factors, e.g., soil water and nutrient availability, the ratio of direct to diffuse radiation, canopy age or site history [Alton et al., 2007 , DeLucia et al., 2007 . Yet, when investigating LUE over the course of one to several years, water and nutrient supply will be reflected to some extent in In addition to the question on the range and variability of LUE there is also a debate on its global patterns. When plotted against latitude LUE increased towards the north for some global models, but decreased for others [Ruimy et al., 1999] , illustrating the lack of consensus on the underlying processes. Kaminski et al. [2002] and Still et al. [2004] showed that largescale CO 2 inversion studies tend to impose a large increase of LUE from temperate to arctic ecosystems. In terms of modeling, Haxeltine and Prentice [1996] suggested that a pole-ward increasing trend in plant nitrogen content could support higher LUE at higher latitudes.
Conversely, based on CO 2 flux data over boreal sites, Lafont et al. [2002] found a correlation between mean annual temperature and LUE, which leads to a decrease in LUE towards high northern latitudes. This result was supported by the analysis of Schwalm et al. [2006] who, in addition, did not detect any significant correlation with foliar nitrogen based on 11 flux measurement sites.
Clearly, for increased confidence in satellite-derived productivity estimates as well as to offer better diagnostics to large-scale ecology, it is important to reduce the uncertainties affecting large-scale LUE patterns and to identify the relevant drivers for its variation. The large number of net CO 2 flux data that are by now becoming available give an unprecedented access to estimates of ecosystem GPP, owing to effort in collecting and processing data in networks like FLUXNET [Baldocchi et al., 2001; Friend et al., 2007; Owen et al., 2007] . For this study, we derive LUE from CO 2 flux time-series to estimate LUE GPP over a variety of 
Sites characteristics
CO 2 fluxes based on the eddy covariance technique have been compiled from the FLUXNET, EUROFLUX, AMERIFLUX, BOREAS and EUROSIBERIAN CARBONFLUX databases [Baldocchi et al., 2001; Heimann, 2002; Sellers et al., 1995; Valentini et al., 2003] as well as from studies that had been conducted independently of these data sets. The emphasis has been put on mid to high latitude sites. Site descriptions and references are summarized in table 1.
As a result of the considerable efforts of the participants to these projects, there is a relatively high degree of homogeneity in the methods and algorithms used at different sites. To take advantage of this effort, we considered only fluxes measured with eddy covariance methods, and did not retain for example, fluxes measured and up-scaled from chamber techniques.
For each site, canopy leaf area index (LAI; projected leaf area basis and usually including understorey vegetation) or fPAR (the fraction of PAR absorbed), and mean annual temperature (MAT) data were compiled (Table 1) . MAT was either provided by the database and reference articles or derived from climatology, using the gridpoint closest to the site [Leemans and Cramer, 1991, updated 1995] . The vegetation at the sites was classified into the following Plant Functional Types: Evergreen needleleaf, evergreen broadleaf, deciduous needleleaf, deciduous broadleaf, mixed forest, tundra and boreal wetlands, C4 grasses and crops, and C3 grasses and crops. Databases and literature were screened for site leaf or needle nitrogen content expressed on a mass basis (gN/g dry matter, hereafter N). For most sites, only the dominant species have been sampled for N, with a few exceptions in herbaceous canopies, which provide canopy-average nitrogen. For evergreen plants, most studies 
Derivation of Light-Use-Efficiency and normalized photosynthetic rate.
From the CO 2 flux time series two variables were derived: Optimum daily photosynthetic light-use-efficiency (hereafter simply noted LUE), and a proxy for LUE which is the normalized maximum photosynthesis rate (or Gross Ecosystem Exchange) noted GEE*. The CO 2 flux data compiled in this study are of two types (noted I and II), for which different methods had to be used.
Type I dataset
For 42 datasets, typically one year or longer, for which flux data were available, time-series of half-hourly GEE were derived from NEE and an estimate of ecosystem respiration R eco . As used here, GEE is considered positive, whereas NEE and R eco follow the classical micrometeorological conventions, being positive when the CO 2 flux is upward.
GEE = -NEE + Reco
Eq. 1
For the long-term comprehensive data it was possible to estimate R eco using two different methods, including a simple one, which can also be applied for the less comprehensive type II data (see below). The first method estimates R eco from soil temperature using an Arrheniustype relationship with parameters that may vary seasonally. Nighttime flux data were selected above wind speed and/or friction velocity thresholds before fitting eq. (2) to soil temperature (5 to 10 cm) for consecutive two-month periods of time [e.g. Falge et al., 2001] . This allows to account for seasonal variations in plant phenology, water budget and microbial processes. To obtain daily totals, R eco was extrapolated during daytime periods based on soil temperature and GEE computed accordingly.
A second, simpler method estimates ecosystem respiration rate as the average of nighttime fluxes (i.e., period when global radiation Rg < 10 W/m 2 over a 24 h period of time, eq. 3)
Reco=<NEE> Rg<10
Eq. 3
where brackets indicate averaging. Half-hourly GEE were computed using a constant value for half-hourly R eco over a given day. This simple method assumes that the differences between nighttime-average and mid-day ecosystem respiration are small compared to seasonal and inter-sites differences, which is applicable in ecosystems where respiration does not respond strongly to rainfall events.
Once time-series of GEE had been derived, the maximum canopy photosynthesis, GEE max , was computed as the average of the upper 98.5-99.5 % bin of the half-hourly GEE histogram.
These 98.5 and 99.5 thresholds were defined to retain photosynthesis rates typical of optimal environmental conditions, while discarding outliers. All days with at least one half-hourly GEE value falling in the 98.5-99.5 % interval were considered 'optimal' in terms of environmental conditions. For these days, 24h totals (GEE 24h , PAR 24h ) were derived from half-hourly GEE and PAR. An optimum daily light-use-factor (LUF), based on incident PAR was derived from the slope of the linear relationship between GEE 24h and PAR 24h . To avoid circular analysis no gap filled data sets were used since light is used to fill gaps in NEE and GEE time series.
GEE 24h = LUF. PAR 24h Eq. 4
To account for differences in PAR absorption due to canopy openness, daily LUE was computed as: 
Type II data
For the additional 35 type II datasets, which either were short-term studies or not included in the above databases, maximum rates of canopy photosynthesis GEE max were derived by averaging 3 consecutive half-hourly CO 2 flux values during optimal environmental conditions. Averaging consecutive data prevents overestimation of GEE max created by statistical variation sometimes present in the half-hourly eddy flux data. A few studies directly provide GEE time series either from temperature driven R eco , or from the intercept of light/NEE curves, otherwise, R eco was estimated with equation 3.
For comparison among sites with different leaf area index, GEE max was normalized by fPAR, using a reference fPARc of 0.95 corresponding to a closed canopy. Additionally, GEE max was normalized by the cosine of Θs, to compensate for difference in incident PAR caused by latitude, assuming optimum conditions for CO 2 flux occurring near the solstice.
Eq. 7 GEE* is expected to be a good proxy for LUE in type II data sets since both variables share the same normalization by absorbed PAR, although simplified in the case of GEE*, providing that daily integrated GPP and daily maximum GPP values are related. 
Sensitivity tests
To evaluate the robustness of eq. 5 and 7 to fPAR (eq. 6), we tested the sensitivity of LUE and GEE* to three fPAR estimates. Firstly, we assumed that the period of maximum GEE departs from solstice depending on latitude, ranging from day of year 180 at 45° to 220 at 80° [Falge et al., 2002] . Θs is then replaced by the sun elevation at 12h (local solar time) for the corresponding day of year. Secondly, fPAR was assumed to be a linear mixture of fPAR for direct (eq. 6) and diffuse irradiance: Eq. 9 assuming k pft =0.45 for needleleaf, 0.55 for broadleaf, and 0.5 for other canopies instead of using k=0.5 for all sites. 
Results and Discussion
The consistency of the GEE* estimation methods was first evaluated using the 42 type I dataset ( 
Analysis of LUE and GEE* variability
As expected LUE and GEE* from type I data were highly correlated ( Figure 1 ) with a r 2 of 0.88 (n=42). Or in other words, GEE* can be used as a proxy for LUE for type II dataset.
Since the full dataset for GEE* spans a larger range of ecosystems, latitudes, soil and environmental conditions, especially in the harsh arctic environment, it provides more robust statistics than an analysis restricted to long term comprehensive flux data. Therefore in the following, results are shown for both LUE and GEE*. For the purpose of clarity, plots
showing GEE* have a second y-axis (on the right) that maps GEE* into LUE units based on the linear relationship of Figure 1b (LUE = 0.0006 GEE* + 0.0023).
The histogram of LUE (Fig. 1a ) reveals a significant variability in among-site LUE, with a mean of 0.0182 mol/mol, and a standard deviation of 0.0067 resulting in a coefficient of variation of 37 % (n=42, Table 2 ). Considering the range of ecosystems included, it is not surprising that GEE*, derived for the entire dataset in Table 1 Photosynthesis of leaves saturates in high irradiance, thereby decreasing canopy daily LUE, which is integrated over the course of a day and includes periods of high and low irradiance.
Moreover, although we select the optimum seasonal LUE value, environmental conditions still impose some stress on the plants. Highest canopy LUE were obtained for two crops in the data set, rice and corn (Table 1) , which show almost no saturation of leaf level GEE / PAR curves at the half hourly time step, despite rice being a C3 plant. The average value of 0.018 is close to but lower than the value of 0.02 proposed by Ruimy et al. [1995 Ruimy et al. [ , 1996b . For further illustration Figure 2 shows LUE and GEE* as functions of MAT at the site separated per PFT. MAT correlated weakly but significantly with LUE (Fig 2a, r 2 = 0.27, n=42, P=0.0004) and GEE* (Fig 2b, r 2 = 0.34, n=77, P<10e-7). The sensitivity tests performed with the different formulations of fPAR and APAR (eq. 8, 9) did not affect these results (not shown). Since PAR irradiance tends to decrease from temperate to arctic latitudes, the trend of maximum GPP versus MAT is obviously stronger than GEE* (not shown).
LUE was not to be expected to be a simple function of MAT due to a range of additional factors. In continental high latitude ecosystems photosynthesis takes place over a short ( crop is expected to be higher than that of a 'natural' system at similar MAT. Nevertheless, LUE and GEE* tended to be organized along a MAT gradient (Fig. 2a, b) , with a clear tendency to form clusters for some of the plant types like deciduous broadleaved forests, whereas for most of the other types a large variability was found (e.g., needleleaved forests, grasses and crops, and tundra/wetlands). The better correlation with GEE* is caused by a broader sampling of the possible range of MAT, including a number of sites with low annual temperatures (MAT < 0). The correlation of LUE and GEE* with MAT we find here is lower than the values reported by Lafont et al. [2002] for 18 boreal sites and closer to results reported by Schwalm et al. [2006] for yearly mean LUE at 17 Canadian forest and wetland sites. The broader range of PFT included here, especially inclusion of warmer broadleaved evergreen, grasses, crops on the one hand and cold climate fens and deciduous forests on the other hand explains the difference with Lafont et al. [2002] . These PFT add to the scattering of the GEE*/MAT relationship (Fig 2b and Table 2 ). Averaged per PFT, LUE ranges from 0.0116 for tundra and wetlands to 0.0270 for C3 grasses and crops (Table 2) . 
Role of leaf nitrogen content
At the leaf level, numerous studies have demonstrated a strong link between nitrogen content and photosynthesis [Field and Mooney, 1986; Wullschleger, 1993] . A general framework for leaf structure and function, relating leaf assimilation rate, leaf nitrogen content and leaf mass per area (LMA) has been proposed by Reich et al. [1997] Figure 3a that the increase of LUE with N becomes less well defined at leaf N levels > ca. 2% for deciduous broadleaf forest sites, suggesting a curvilinear relationship might exist for some biomes. The C4 crops and grasses achieved high LUE and GEE* at relatively low levels of leaf N. Table 1 and Figures 3a and 3b show the large differences in leaf N that exist among, and also within, plant types. Still, LUE and GEE* tended to group in well-defined PFT-clusters. In that respect, canopy-level data behave like the leaf-level data presented by Reich et al. [1997] , which also show such PFT clusters. These regression coefficients are quite high, considering that the derivation of LUE and GEE* are affected by several approximations and uncertainties (fPAR estimates at low LAI for instance).
Differences in leaf nitrogen reflect site quality combined with plant type. As opposed to foliar N, which is central to plant photosynthesis and physiology, MAT is a surrogate for a number of variables and processes in interaction, like the length of the growing season, the nutrient cycle, the water budget, to mention only three. Therefore, the relationship of LUE with MAT is best viewed as a large-scale pattern that subsumes these effects and that is locally supplanted by the role of PFT, leaf nitrogen, and other factors. A good example comes from the BOREAS data, where stands of aspen, Jack pines and black spruce co-exist at the 
Canopy index and function
To make use of the explanatory power of LMA, in addition to foliar nitrogen, it is tempting to scale the leaf level relationship of Reich et al. [1997] When applied to our dataset, the canopy index (hereafter noted I G ) was found to explain a similar variance of LUE than foliar nitrogen alone (cf., Whether a unique nitrogen-based relationship can be applied to estimate LUE for different plant types is central to both application of remote sensing data and understanding and interpreting the observed LUE patterns. Leaf N concentration may be a better predictor of productivity than total N integrated over the canopy as soon as different plant types are considered. For instance, Smith et al. [2002] were able to relate aboveground NPP to canopy averaged N concentration for deciduous and evergreen tree species using the same relationship. Conversely, different relationships for deciduous and evergreen trees emerged when canopy total N was used. Considering trees, grasses and crops, Green et al.
[2003] drew a similar conclusion, favoring N concentration rather than canopy total N. Similarly, expressing leaf nitrogen on a mass basis rather than on a surface basis may also seem counterintuitive [see also discussion by Smith et al., 2002 and Hikosaka, 2004] . From a practical point of view, foliar nitrogen content expressed on a mass basis is far less variable within the canopy than area basis nitrogen, and therefore easier to measure. As a consequence, mass basis N or indices based on mass basis N prove more convenient to evaluate in the field and can provide general framework for canopy LUE variability when addressing global or regional issues. So far our own, and other published evidence indicate that both canopy N concentration or mass-basis leaf N may be robust predictors of canopy functioning in terms of light use. 
Idealized Canopy models
Considerations about the optimum functioning of canopies have suggested that the capture of different resources, like PAR, water, and nutrients could be regarded in an integrated fashion.
Such an integrated perspective would ensure coordinated resource acquisition resulting in a Balanced Canopy Functioning [Field et al., 1995] , an appealing theoretical concept. Field et al., 1995] .
Our compilation of data allows to test some aspects of these concepts. It becomes apparent (Figure 7 ), for instance, that LUE and GEE*, although highly variable, are not related to light resource capture (i.e., fPAR) in a simple way. Likewise, leaf nitrogen and fPAR are not related (Fig 8) . Arguably, there are few high LUE associated with very low fPAR sites in our dataset, suggesting that high light-use efficiency is generally accompanied by high fPAR at least in the absence of opposing management practices, which is in line with Binkley et al.
[ 2004] . The same is true for higher leaf N (e.g., >1.5%) being associated with relatively larger fPAR. However, other factors are required to explain the occurrence of LUE and N variability at similarly high fPAR level. For instance, the possible role of dense evergreen foliage as a nitrogen reservoir in nutrient poor environment (resulting in high mass of foliage with relatively low N) plays against a scaling of maximum LUE with fPAR because it increases fPAR and not LUE. It must be kept in mind though, that we investigate optimum LUE only.
Using time-integrated variables may result in a different picture [Field et al., 1995] but based on our analysis there is little evidence for theoretical schemes relating of resource use to resource capture. The empirical evidence in our dataset either implies that there is a scaling between leaf N of the dominant plants and the whole canopy functioning, or implies that the variability within canopies is of second order compared to the explanatory power of leaf N of the dominant plants. The lack of relation between LUE or N and fPAR, as well as the relatively poor results of idealized canopy models, show that more pluri-specific studies are needed. MAT, and altitude, whereas others point towards an opposite pattern [Reich and Oleskyn, 2004 , and references therein]. Reich and Oleskyn [2004] found the highest foliar N values for mid-latitude and a weak decrease towards the coldest climate zones. In the data analyzed in our study the only significant trend in N versus latitude was for the evergreen needleleaf PFT.
It has been argued that LUE may increase with latitude because of a parallel increase in leaf nitrogen [Haxeltine and Prentice, 1996] . LUE derived from atmospheric inversions [e.g. Knorr and Heimann, 1995; Kaminski et al., 2002; Randerson et al., 2002; Still et al., 2004] tend to indicate increasing LUE values from temperate to arctic latitudes, together with an increase for highly continental zones [Kaminski et al., 2002] . Interestingly, Still et al., [2004] found higher LUE for continental Eurasia than for North America and suggested that the distribution of deciduous trees with higher needle N could explain this pattern, which is inline with our study.
Overall, our estimate of optimum LUE and GEE* along latitude gradients (e.g. Fig. 9a and b) indicates a decreasing trend towards high latitude, supporting the statement of Kaminski et al.
[2002], who considered obtaining the highest LUE for tundra as unrealistic.
A variety of reasons may help to explain the discrepancy between our findings and LUE derived from inversion analyses: atmospheric inversion studies rely on an estimate of the heterotrophic respiration and other surface processes like snow-related processes (insulation effect, impact on water availability), whose errors can impair LUE estimates [Randerson et al., 2002] . However, inaccuracy of the atmospheric vertical mixing or meridional transport may also cause such a discrepancy. If this were to be the case, the consequences on the estimates and localization of the carbon sinks/sources might be significant, as it has been shown by Stephens et al. [2007] , and deserve further examination. Note that the use of GEE* as a proxy for LUE is based on the same assumption (GEE* being close to eq 11 right-hand-side Loustau, E. Nikinmaa, T. Vesala, and P. Hari (2008) , Developing an empirical model of stand GPP with LUE approach: analysis of eddy covariance data at five contrasting conifer sites in Europe, Global Change Biol., 14, 92-108, doi:10.1111 /j.1365 -2486 .2007 Markkanen, T., U. Rannik, P. Keronen, T. Suni, and T. Vesala (2001) PFT are indicated by the following symbols: ▲ evergreen needleleaf, △ deciduous needleleaf,
• evergreen broadleaf, ○ deciduous broadleaf, ◆ mixed forest, tundra or boreal wetland, * C4 grass or crop, + C3 grass or crop. 
